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Abstract

Emotional experiences create durable memory traces in the brain, especially when these memories
are consolidated in the presence of stress hormones such as cortisol. Although some research
suggests cortisol elevation can increase long-term memory for emotional relative to neutral
content, the impact of stress and cortisol on the consolidation of emotional and neutral aspects of
memories when they are part of the same experience remains unknown. Here, after encoding
complex scenes consisting of negative or neutral objects placed on neutral backgrounds,
participants were exposed to a psychosocial stressor (or matched control condition) in order to
examine the impact of stress and cortisol on early consolidation processes. The next day, once
cortisol levels had returned to baseline, specific and gist recognition memory were tested
separately for objects and backgrounds. Results indicate that while there was a numerical increase
in memory for negative objects in the stress group, higher endogenous cortisol concentrations were
specifically associated with decreased memory for the neutral backgrounds originally paired with
negative objects. Moreover, across all participants, cortisol levels were positively correlated with
the magnitude of the emotional memory trade-off effect. Specifically, while memory for negative
objects was preserved, elevated cortisol during early consolidation was associated with decreased
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memory for neutral backgrounds that were initially paired with negative objects. These memory
effects were observed in both the stricter specific measure of memory and the less conservative
measure of gist memory. Together, these findings suggest that rather than influencing all aspects of
an experience similarly, elevated cortisol during early consolidation selectively preserves what is
most emotionally salient and adaptive to remember while allowing the loss of memaory for less
important neutral information over time.
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INTRODUCTION

Emotional experiences leave durable traces in the brain and tend to be exceptionally well-
remembered, especially when formed during times of stress. This bias to remember what is
affectively salient likely serves an adaptive purpose, as remembering emotional experiences
is critical to survival and can help us navigate a complex social world. A wealth of evidence
accumulated over the past several decades suggests that stress hormones released during
arousing experiences play a key role in emotional memory formationl-4 (but see ° for review
of some exceptions). The adrenergic system and the hypothalamic-pituitary-adrenal (HPA)
axis work in concert to preferentially preserve emotional information in long-term memory,?
sometimes at the detriment of memory for neutral information.8-9 Such processes take time
to fully develop and have their maximal influence during the consolidation phase of memory
formation, which takes place in the minutes, hours, and days post-encoding.2-10

Following a stressful experience, concurrent glucocorticoid and norepinephrine activity in
the basolateral amygdala (BLA) enhances interactions among the amygdala, hippocampus,
and other memory-relevant regions of the brain, such as the ventromedial prefrontal cortex
(vmPFC).211 Given the importance of this network for emotional memory, its potentiation
by stress is thought to underlie behavioral evidence for the consolidation of emotionally
salient memories over neutral ones that have less adaptive value.

In humans, elevated cortisol, resulting either from exposure to a stressful experience or
exogenous cortisol administration, can facilitate long-term memory for emotionally
arousing, relative to neutral, information,7:12.13 although there are some important
exceptions.14-20 For example, Buchanan and Lovallo (2001) demonstrated that a 20mg dose
of cortisol during learning enhanced the consolidation of emotionally arousing but not non-
arousing pictures.1? Using a psychosocial stressor, Payne et al. (2007) demonstrated that
stress exposure enhanced long-term memory for an emotionally arousing slideshow relative
to a control condition, but impaired memory for a closely matched neutral slide show.”
Cahill et al. (2003) showed that participants who were exposed to cold pressor stress after
watching a slideshow consisting of neutral and emotionally arousing slides remembered
more emotional slides than non-stressed control participants, whereas memory for neutral
slides was unaffected.13 Abercrombie, Speck, and Monticelli (2006) demonstrated that while
cortisol elevations in humans are often correlated with enhanced memory consolidation for
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emotionally laden information, this is only the case when individuals are emotionally
aroused.2! Similarly, in rats, stress hormones typically do not globally enhance memory
consolidation, but tend to selectively modulate consolidation of emotionally arousing
experiences.422-24

Underlying these effects at a neural level, work in animal models has clarified that while
elevated stress often impairs hippocampal and PFC function, amygdala function and
plasticity is enhanced.2>:26 Likewise, human neuroimaging studies demonstrate that cortisol
elevations at encoding can diminish hippocampal activity, while potentiating activity in the
amygdala under certain conditions. For example, Pruessner et al. (2008) showed that acute
stress provoked significant deactivation in regions of the limbic system, including the
hippocampus, and the degree of hippocampal deactivation was significantly correlated with
cortisol reactivity.2” Van Stegeren and colleagues (2007) found that endogenously elevated
cortisol levels correlated with intensified amygdala activation at encoding and better future
memory for emotional information, but only in the presence of sufficient noradrenaline in
the amygdala.28

Each of these studies highlights the importance of stress- and arousal-related
neuromodulators in the formation of emotional memories. An important next step is to
examine precisely which aspects of memories of emotional events are influenced by the
physiological stress response. This is an important question because memories of emotional
events are not stored as precise replicas of the original experience, and thus stress may
preferentially enhance some, but not all, aspects of our emotional experiences. For example,
central, emotionally salient information is typically remembered at the expense of neutral
background information,2%-34 which is a type of emotional memory trade-off effect. Such
trade-off effects in emotional memory are not restricted to the laboratory but can also be
found in the real world. One ecologically relevant example is the weapon-focus effect, where
victims vividly remember an assailant’s weapon but have poor memory for other aspects of
the event even if it is useful information, such as the perpetrator’s face.3> This divergence in
memory for central and peripheral aspects of emotional episodes depends in part on
differential attention and encoding of these two aspects of the scene. However, we also know
that these elements undergo qualitatively different processing after encoding, during the
consolidation period, particularly if this period includes sleep.32:33.36-38

In prior studies,32:39-41 researchers presented participants with pictures of neutral (e.g., a
harmless-looking chipmunk) or negatively arousing (e.g., a vicious-looking snake) objects
placed on neutral backgrounds (e.g., a forest scene), and subsequently tested their memory
for the objects and backgrounds separately. Even after a brief delay, there was evidence of an
emotional trade-off effect;29 negative emotional objects were consistently better
remembered than neutral objects, but the neutral backgrounds were more poorly
remembered if they had been presented with negative objects than if they had been paired
with neutral objects. Importantly for theories of consolidation, a period of sleep (which is
considered to provide ideal conditions for memory consolidation processes to operate)
magnified this trade-off effect compared to a period of wakefulness.32:3342 This suggests
that the two components of memory for scenes underwent differential processing during the

Neurobiol Learn Mem. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cunningham et al.

METHOD

Participants

Page 4

consolidation phase. Thus, post-encoding processes play an important role in the fate of
emotional memories.

Here, we examine whether post-encoding stress might affect the differential consolidation of
these components of memory. This is important theoretically because we currently know
little about how the different features of complex emotional experiences are processed and
stored in memory, whether they change over time or remain the same, and whether stress
affects their consolidation differently. For example, emotional scene memories could be
stored as intact units, suffering some forgetting over time but retaining the same relative
vividness for all components. Alternatively, the components could undergo differential
memory processing, with a selective emphasis on what is most emotionally salient and
important to remember.

Although numerous studies have demonstrated that increased cortisol around the time of
learning benefit memory for emotionally arousing stimuli more than neutral stimuli,”:31:43:44
no study has yet examined the effect of elevated cortisol concentrations during the early
consolidation phase on stimuli in which both emotional and neutral components are present.
This is a particularly relevant question as a recent meta-analysis found that post-encoding
stress was more likely to improve memory, and not all studies agree about how stress and
cortisol affect neutral and emotional memory consolidation in general.® Part of the reason
for this lack of agreement may be because it remains unclear if HPA axis activity (i.e.
including the release of cortisol) is required to produce these emotional memory benefits, or
if non-specific aspects and/or the subjective experience of stress is sufficient to generate
similar memory effects. In addition, benefits to emotional memory from post-encoding
cortisol may be altered, lessened, or absent in some circumstances based on factors such as
the method of cortisol induction, the degree of cortisol response, or the sex of the
participant.14-16.18:45

Here, we predicted that HPA axis activity, measured as post-stressor cortisol concentration,
would enhance the selective memory effect for emotional content. Specifically, we
anticipated that cortisol increase would benefit consolidation of emotional aspects of scenes
at the expense of their neutral backgrounds through the selective memory processing of
information with greater salience. As such, we predicted that increased cortisol during the
early consolidation period would magnify the emotional memory trade-off effect.

Seventy-four participants (44 female, 30 male) from the University of Notre Dame (mean
age 19.1 £ 1.1), who were part of a larger ongoing study examining sleep-stress interactions,
completed a memory encoding session and retrieval session on two consecutive days. They
participated for course credit or payment. Participants were native English speakers with
normal or corrected-to-normal vision. Prior to enrollment in the study, participants were
excluded if they reported a history of psychiatric illness (including anxiety or mood
disorder), sleep disorder, or the use of medications that affect the central nervous system or
endocrine system (e.g. antidepressants, ingested steroids, etc). All experimental protocols
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were approved by the University of Notre Dame IRB committee, and the methods were
carried out in accordance with relevant guidelines and regulations. Informed consent was
collected from all participants prior to participation. We prespecified sample sizes by
calculating the sample size required to detect medium effects (Cohen’s d of 0.30, based on
similar previous research32) with 85% power. We report all manipulations and measures.
Any data excluded is discussed in detail below.

The scenes depicted negative arousing or neutral objects placed on plausible neutral
backgrounds2%:3248 For each of 64 scenes (e.g., a car on a street), we created eight different
versions by placing two similar neutral objects (e.g., two images of a car) and two related
negative objects (e.g., two images of a car crash) on two neutral backgrounds (e.g., two
images of a street; see Figure 1). An additional 32 scenes served as foils on the subsequent
recognition memory test. The objects and backgrounds were normed on dimensions of
valence and arousal using 7-point Likert scales in a prior experiment.4” All negative objects
received arousal ratings of 5 to 7 (with higher scores representing an arousing image) and
valence ratings lower than 3 (with lower scores representing a negative image). All neutral
items (both objects and backgrounds) were rated as un-arousing (arousal values lower than
4) and neutral in valence (valence ratings between 3 and 5).

Figure 2 is a schematic of the study timeline. Participants were randomly assigned to a stress
group (n = 39, female=22, mean age 19.0 £ 0.91) or a control group (n = 35, female=22
mean age 19.2 + 1.2). Chi-square tests revealed no difference in the number of men and
women in the stress and control conditions ()(2: .32, p = .57). Participants encoded the
stimuli in the late afternoon (between 4-5 pm), and everyone underwent the stress or control
manipulation at approximately 5pm to control for circadian influences on cortisol secretion.
During encoding, participants viewed 64 scenes (32 with a neutral object and 32 with a
negative object, all placed on neutral backgrounds) for 5000ms each. For each scene, they
indicated on a 7-point scale whether they would approach or back away from the scene if
they encountered it in real life. This task was used to ensure that participants were paying
attention to the scenes and to promote deeper encoding32:37:48, The studied version of each
scene (of the eight possible versions) was counterbalanced across participants. Immediately
following encoding of the scenes, participants were exposed to a validated psychosocial
stressor, the Trier Social Stress Test (TSST; see Stress Manipulation below),*° or a matched
control treatment, both of which lasted approximately 20 minutes. In addition to saliva
sampling both prior and after the stress manipulation (see Cortisol Reactivity Assessment
below), measures of state affect (Positive and Negative Affect Schedule; PANAS)®C and state
anxiety (State-Trait Anxiety Inventory; STAI)®! were assessed at baseline, immediately after
completion of the stress/control task, and again the next day prior to recognition testing.

The next morning at 9am, participants completed an unexpected, self-paced recognition task
in which objects and backgrounds were presented separately and one at a time. Some of
these objects and backgrounds were identical to the scene components that had been
encoded (e.g., the same car accident), others were the alternate version of the object or
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background and thus shared the same verbal label but differed in specific visual details (a
similar car accident), and others were objects or backgrounds that had not been seen at
encoding (n7ew). Participants either saw the same or the similarversion of a particular item at
test, never both. For each item, participants indicated whether it was an exact match to a
previously viewed component (“same”), similar but not an exact match (“similar”), or not
seen before (“new”).

The recognition task included 32 same objects (16 negative, 16 neutral), 32 similar objects
(16 negative, 16 neutral), 32 new objects (16 negative, 16 neutral), 32 same backgrounds (16
previously presented with a negative object, 16 previously presented with a neutral object),
32 similarbackgrounds (16 previously presented with a negative object, 16 previously
presented with a neutral object), and 32 new backgrounds.

Stress Manipulation

The TSST is a well-established method of stress induction, reliably inducing cortisol
elevations in laboratory settings.® It combines social evaluative threat with stressor
uncontrollability, which together typically produce a large HPA axis response in humans,>2
although a number of individual difference factors can impact the response to this task.33-5°
Participants undergoing the TSST are told that they will be judged on nonverbal and verbal
performance while delivering a speech. They are then given a 10-min speech preparation
period, followed by a 5-min speech on why they would be the best candidate for a job
position, given without notes (notes are abruptly taken away from participants just before
they begin their speech). The presentation could be on any job position, but they were
required to use only truthful information and could not fabricate details about themselves.

Participants in the stress condition delivered their speeches standing in front of two judges
wearing white lab coats and were given the impression that their performance was being
audio- and video-recorded for later analysis. Immediately following the speech, participants
performed a mental arithmetic task aloud (count backward from 1022 by 13’s as quickly and
accurately as possible). Upon making a mistake, they were told to start over. After 5
minutes, the participants were told to stop and rejoin the experimenter to complete the first
session of the study.

Participants in the control condition also prepared a speech on why they were the best
candidate for a job, but prior to doing so were informed that they were in the control
condition and would not be presenting it in front of anyone. Instead, after preparation, they
read their speech aloud from their notes and completed the math task in an empty room with
no audio or video equipment present. They were monitored (surreptitiously through a
window) to ensure that they followed these directions and remained awake.

Cortisol Reactivity Assessment

Upon arrival, participants were given 20 min to acclimate to the laboratory setting prior to
collection of the baseline saliva sample (t0). Participants used the passive drool method
using a straw to expectorate (i.e. no gum, cotton, or other saliva flow stimulants were used)
and were instructed to fill the test tube to the 5mL line, which typically takes 5-10 minutes
per sample. Following the stress or control task, participants gave 5 additional saliva samples
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in 15-minute increments, including immediately following the TSST (t1), 15-min (t2), 30-
min (t3), 45-min (t4), and 60-min (t5) post-stressor. We also collected a saliva sample just
prior to the recognition task in the morning to ensure no differences in cortisol levels
between groups remained at retrieval. Several studies have reported sex differences in stress-
induced cortisol response and have highlighted the importance of controlling for such factors
when investigating differences in the effects of endogenous cortisol levels.>456-58 Thus, for
the purposes of this study investigating the general effects of cortisol levels on emotional
memory, cortisol was log-transformed to approximate a normal distribution®%-61 and then
standardized within sex and assay kit (see Supplementary Materials for further details). High
scores on the cortisol distribution indicate high levels relative to other individuals of the
same sex and within the same assay kit. This data analysis strategy is in line with prior
behavioral and cognitive research wherein sex differences in hormones are observed and raw
hormone data need to be normalized for parametric testing.61-63 For all of our analyses, we
employ these log-transformed, standardized scores as our measures of endogenous cortisol
levels (e.g., basal cortisol, cortisol reactivity). For further details of the saliva collection and
analysis process, see Supplementary Material.

Memory Analysis

To investigate varying specificity of memory following the stress manipulation, we
calculated both specific and gist recognition memory scores. Consistent with prior studies, a
less conservative general or gist recognition score was computed by summing the number of
“same” and “similar” responses to same items, as this score reflects memory for at least
some aspects of the studied item.29:32 That is, for same items identified as either “same” or
“similar”, participants had to remember at least that a particular type of object or
background had been studied (e.g., that they had seen a car accident or a street), because
otherwise they would have instead indicated that the item was “new”. Thus, this more
general recognition memory is a measure of a participant’s ability to remember at least the
gist of the items (with or without specific detail). The more conservative specific recognition
score (i.e., summing only “same” responses to same items), was computed to capture
veridical memory for the precise visual details of a studied object or background. Specific
and gist recognition scores were computed for each type of scene component (negative and
neutral central objects and peripheral neutral backgrounds that had been studied with either a
negative or neutral object). Both specific and gist recognition scores were corrected for
response bias by subtracting the proportion of false alarms (“same” responses to new items)
for both the central objects and the peripheral backgrounds of scenes. To assess the
magnitude of the trade-off effect, we calculated a trade-off score by subtracting the corrected
memory score for the paired (neutral) backgrounds from the corrected memory score for the
objects (e.g., [negative object memory score] - [memory score for backgrounds originally
paired with negative objects)]. The data were de-identified, processed, and analyzed in
SPSS. All de-identified data, documentation, and SPSS output code are available at this link:
https://osf.io/egjku/?view_only=1b88f97107d741e3b6b186f46d59867¢.
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RESULTS

Stressor Efficacy

Cortisol Reactivity—To assess the impact of the TSST vs. control manipulation on
cortisol reactivity, measures of reactivity (baseline to post-TSST maximum cortisol value)
were compared between groups. First, utilizing raw cortisol concentration levels, we found
that while baseline cortisol concentration was nearly identical for the stress and control
groups [t(72) = -.149, p = .88, d=0.03 , 95% CI (-.68, .59)], cortisol reactivity following
the manipulation task measured as the difference in cortisol from pre-task baseline to post-
task peak cortisol value revealed that the stress group demonstrated a significant increase in
cortisol compared to the control group [t(72) = -2.34, p =.022, d=0.55, 95% CI (-1.78,
—.14), see Figure 3]. Further, there was no difference in cortisol levels between groups in the
morning prior to the recognition task [t(63) = —0.55, p = .59].t As mentioned above, the raw
hormone data was then natural log transformed and then standardized to control for sex and
assay kit (see 3 and Supplementary Material). Using these standardized scores, there was
again no difference in baseline cortisol concentration between groups [t(72) = -.129, p
=.90, d=0.03, 95% CI (-.47, .42)], while the stress group showed a significant increase in
cortisol over time compared to the control group [t(72) = —-2.06, p =.042, d=0.47 , 95% CI
(=.90, -.01)], again measured as the difference in cortisol from baseline to peak cortisol
value. These log-transformed and standardized data were used in all correlational analyses.

Subjective Measures of Stress and Negative Affect—To assess the efficacy of our
stressor and to determine its impact on subjective affect, we conducted mixed ANOVAs,
with time of assessment as the repeated measure, on ratings of state anxiety (STAIl-state) and
negative affect (PANAS- negative affect) in the stress and control groups (two control
participants did not fill out the PANAS correctly and were excluded from analysis; see Table
1 for average scores). Analysis of state anxiety measures revealed a main effect of group
[F; 72=27.6,p<.001, n pz =.28] as well as an interaction between group and time of
assessment on anxiety symptoms [F7 7>=16.5, p <.0001, n pz =.187]. The interaction was
driven by a significant increase in subjective anxiety following the speech task in the stress
condition [t(38) = -5.14, p <.001, d=.95, 95% CI (-10.07, —4.38)], while those in the
control group reported a slight, nonsignificant decrease over time (see Table 1). ANOVA
analysis of negative affect also revealed a main effect of group [F; 7, =13.0, p=.001,
p2: .15] and a significant interaction between group and time of assessment [F; 7p= 9.8, p =
0.003, » p2 =.12]. This interaction was similarly driven by a significant increase in negative
affect following the speech task in the stress condition [t(38) = 3.0, p =.005, d= .48 , 95%
ClI (.80, 4.3)], while those in the control group again reported a nonsignificant decrease (see
Table 1).

Importantly, the stress group reported significantly greater increases in state anxiety
symptoms from baseline to post-TSST compared to the control group [t(72) = -4.1, p
<.001, d= .95, 95% CI (-11.4, -3.9); see Table 1]. We then ran correlations between

tAnalysis of morning cortisol was in 64 of the 74 total participants. We did not initiate this part of the protocol for the first 9
participants (controls = 5, stress = 4), and the morning sample for 1 control participant was not usable. As such this analysis was run
with an n = 29 for control participants, and an n = 35 for stress participants.
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changes in reported anxiety and changes in cortisol levels. When all participants (stress and
control) were included, the correlation between change in reported anxiety and change in
cortisol concentration was significant [r(74) = 0.28, p = 0.015], indicating that changes in
subjective reports of state anxiety and subsequent cortisol reactivity track each other (e.g.
64.65) When we ran the analysis within each condition separately, the correlation between
changes in reported anxiety and changes in cortisol reactivity was significant within the
stress group [r(39) = 0.40, p = 0.011], but not within the control group [r(35) = -.023, p =
0.89; see Figure 4]. A Fisher-z comparison between stress and control group correlations
failed to reach significance (p = .07).

With regards to affect, the stress group similarly reported a significantly larger increase in
negative affect from pre- to post-task compared to the control group [t(70) = -3.1, p =.003,
ad=.76, 95% CI (-5.8, —1.3); see Table 1]. Further, the association between change in
negative affect and cortisol was trending in the stress group [r(39) = 0.29, p = 0.076] and
across all participants [r(72) = 0.21, p = 0.076], but failed to reach significance. Change in
negative affect did not correlate with cortisol reactivity within the control group [r(33) =
-.04, p = 0.83; see Supplementary Figure 1 for plot of PANAS-NA and cortisol reactivity
associations]. Again, a Fisher-z comparison between stress and control group correlations
was not significant (p = .16).

The Impact of Stress on Selective Emotional Memory Consolidation

Specific Memory Group Comparison—\We first compared the stress group to the
control group on specific memory performance (i.e. responding “same” to same items). This
was done using a 2 (condition: stress, control) x 2 (scene component: object, background) x
2 (valence: negative, neutral) mixed analysis of variance (ANOVA), with scene component
and valence as repeated measures, on specific recognition memory. This analysis revealed a
main effect of scene component [F; 72 = 82.4, p < 0.0001, p2 =.53] and a 2-way
interaction between scene component and valence [F1 72 = 45.2, p <0.0001, n p2 =.38],
which again confirms the existence of the emotional memory trade-off effect.29 However,
there was no main effect of condition [/ 72 =.68, p =.68, n p2 =.002] and the three-way
interaction was nonsignificant [Fy 7, =1.32,p=0.25, p2 =.01]. While the stress group
showed a numerical increase compared to controls in memory both for negative central
objects [t(72) = 1.7, p = .09, d = .37, 95% CI (-0.01, 0.14)] and in the magnitude of the
emotional trade-off score [t(72) = 1.8, p =.076, d = .44, 95% CI (-0.008, 0.16)], these
differences did not reach significance. Memory for neutral scene information was nearly
identical between groups (all p’s >.8; see Table 2 for group scores).

General (Gist) Memory Group Comparison—We also examined gist memory (i.e.
responding “same” or “similar” to same items) by comparing performance between the
stress and control groups. While the emotional memory trade-off effect for gist memory was
apparent across groups [main effect of scene component: /7, = 110.8, p <0.0001, n p2

= .606; scene component x valence interaction: 1 7, = 70.02, p < 0.0001, npz = .49], there
was no effect of stress on this less conservative form of memory with all ps > .44 for all
group comparisons, interactions, and main effect analyses.
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The Impact of Cortisol on Selective Emotional Memory Consolidation

Specific Memory Correlation Analysis—To increase statistical power and variability
in cortisol responses and subjectively reported anxiety, we next examined correlations
between these continuous variables and emotional memory in all participants. For specific
memory, we correlated cortisol level and change in subjective measures of anxiety (STAI-
state) and negative affect (PANAS-Negative Affect) with object-background trade-off
magnitude scores (see Memory Analysis). The log-transformed and standardized measures
of cortisol were used for all correlations.

Correlational analyses across all participants revealed the predicted positive correlation
between specific memory negative trade-off scores and peak post-task cortisol values [r(74)
=.27, p = .021; see Figure 5a], indicating that higher endogenous cortisol concentrations
during early consolidation were associated with a greater emotional memory trade-off
magnitude score. Importantly, specific negative trade-off scores did not correlate with pre-
encoding baseline cortisol levels [r(74) = -.007, p = .95] or the maximum change in cortisol
from baseline to post-task [r(74) = .19, p = .11], indicating that the association between
cortisol and the magnitude of the negative object-background trade-off was driven by peak
levels of cortisol during the early consolidation phase and not pre-encoding cortisol levels or
the magnitude of the change in cortisol across the testing session.

As discussed, these trade-off scores are comprised of both object and background scores of
different valences. Given this association between cortisol concentration and negative trade-
off scores, we examined each scene component type to determine if cortisol acted upon a
particular element of memory. These post-hoc analyses revealed that while there was not a
significant association between cortisol and negative objects, cortisol was associated with
poorer memory for the neutral backgrounds originally paired with negative objects at
encoding [r(74) = -.24, p = .039; see Figure 5b]. The correlation values between all scene
components and object-background trade-off scores can be found in Table 3, and plots of the
non-significant correlations can be found in the Supplementary Section.

The relationship between subjective anxiety (difference in STAI score from baseline to post-
task) and specific memory for negative objects across all participants did not achieve
statistical significance [r(74) = .21, p = .065]. Similarly, no specific memory measures
correlated with changes in reported negative affect within either condition or across all
participants (all ps > .2).

Gist Memory Correlation Analysis—The same correlational analyses with cortisol and
changes in subjective measures of anxiety and negative affect were then completed with
measures of gist memory. Similar to specific memory, correlational analyses across all
participants revealed a positive correlation between the emotional memory trade-off and
peak post-task cortisol values [r(74) = .29, p = .012] and did not correlate with pre-encoding
baseline cortisol levels [r(74) = —.04, p = .73] or the maximum change in cortisol from
baseline to post-task [r(74) = .12, p = .30]. We again conducted follow-up analyses to
decipher which elements of gist memory were influenced by cortisol. Again, while there was
no relationship between cortisol level and negative objects, there was a significant negative
correlation between cortisol and gist memory for the neutral backgrounds originally paired
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with negative objects at encoding [r(74) = —.27, p = .028; Table 3]. Plots for all gist memory
correlations can be found in the Supplementary Section.

There were no associations between gist memory performance and measures of subjective
stress and negative affect across all participants and when run within each condition
separately (all ps = .05).

DISCUSSION

Emotional episodic memories are often complex, with multiple components. The main goal
of this study was to assess whether levels of endogenous cortisol during the initial stages of
memory consolidation would impact subsequent memory for negative and neutral
components of experience. Based on evidence from our lab and others (e.g. 57:12:66) e
hypothesized that increased cortisol during the early consolidation period would selectively
benefit memory for negative aspects of scenes through the preferential processing of
information with greater salience, while memory for neutral elements would deteriorate.

Our results demonstrate that higher levels of endogenous cortisol during the early
consolidation period of emotionally complex scenes is associated with the preservation of
emotional components of scenes at the cost of peripheral neutral details (i.e. an increase in
the emotional memory trade-off effect). Specifically, there was a clear preservation (and in
fact, a numerical increase) of memory for negative objects in the stress group. Moreover,
higher endogenous cortisol concentrations were significantly associated with a decrease in
memory for the peripheral, neutral backgrounds of the scenes originally paired with negative
objects at encoding. These memory effects were found in both the stricter specific measure
of memory, and in the less conservative measure of gist memory in which participants get
credit for identifying similar elements as “same” (suggesting that they at least have some
memory trace of the original). From this, we can conclude that elevated cortisol during the
early consolidation window leads to a greater trade-off in emotional memory, likely driven
by a preservation of emotional objects and a simultaneous stripping away of less relevant,
neutral scene backgrounds in which these emotional objects appear. This effect occurs in
both specific, veridical memory and more general, gist-like memories.

Cortisol levels were strongly and positively associated with the magnitude of the trade-off
effect. The higher the cortisol level during early consolidation, the greater the magnitude
was in the difference between memory for negative objects and their associated neutral
backgrounds. Higher cortisol levels were particularly associated with declines in memory for
neutral backgrounds paired with negative objects. These findings suggest a potentially
important role for the stress hormone cortisol in how emotional memories are consolidated,
rather than merely being in a stress condition or subjectively reporting being anxious. It has
been established that a variety of influences can alter a person’s response to a psychosocial
stressor, and not everyone mounts a cortisol response to the TSST, with an estimated
20-30% of subjects typically failing to demonstrate a cortisol response to this challenge.>3-5
Similarly, some participants likely mount a stressful response merely by participating in a
research study about stress, which may have been further exacerbated by viewing emotional
scenes. Others may be stressed for reasons unrelated to the experimental protocol (e.g., an
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upcoming exam, a recent argument with a friend, or running to the lab to be on time). As
such, despite participating in a task designed to be stressful and having an overall larger
increase in cortisol on average, there was still significant overlap in cortisol levels between
the stress and control groups, as can be visualized in Figures 4 and 5. In fact, 28% of the
control group had cortisol levels above the mean level found in the stress group. In cases like
these, where participants assigned to stress and control conditions have high overlap in stress
hormone levels or response, it may be useful to consider stress tasks like this as a means of
increasing the variance of cortisol levels present during the consolidation period and use
cortisol as a continuous variable across all participants, rather than dichotomizing the data
for group comparisons. This has the additional benefit of increasing power.

When combining analyses across all participants, our findings with regard to the effect of
cortisol on memory fall in line with previous research. In another study investigating the
impact of cortisol on the emotional memory trade-off effect, higher cortisol levels at the time
of encoding (in the absence of an explicit stressor) were found to positively correlate with
selective memory for negative arousing objects in the trade-off task, but only after a period
of sleep. Bennion et al. concluded that elevations in cortisol helped “tag” the emotional
content within scenes at the time of encoding as important, and that such tags enabled sleep-
dependent processes to preferentially consolidate this information. We have also previously
shown that arousal as measured by psychophysiological reactivity to the trade-off task
images at encoding predict memory for negative information at recognition, but again, only
following a period of sleep.33 These findings may be particularly relevant to the current
study, in which all subjects obtained a night of sleep during the consolidation interval in
order to ensure that the physiological effects of the previous day’s stressor had completely
washed out prior to the retrieval stage, further suggesting that stress and sleep may work
together to promote a greater object-background trade-off in emotional memory, above and
beyond what is seen simply with a night of sleep.56 Interestingly, here we did not find an
association between baseline cortisol and subsequent performance on the emotional trade-off
task (all ps >.16). In addition to several notable protocol differences between our study and
Bennion et al. (e.g. time of cortisol assessment and encoding, length of time between
encoding and bed, etc.), this could suggest that cortisol levels during the early consolidation
phase may be most critical to subsequent emotional memory processing. In our study,
cortisol levels were manipulated using a stress task and as such changed substantially from
baseline to early consolidation. By contrast, in the studies by Bennion et al. and
Cunningham et al, stress was not manipulated and as such baseline levels were likely highly
related to cortisol concentrations during the consolidation window as well.33:66 Future
research is needed to further distinguish the effects of cortisol on these different phases of
memory processing.

The results reported here have important implications for emotional memory formation
following stress exposure, and thus have real-world relevance. In participants with elevated
cortisol, there was a divergence of memory for the components of negative scenes (i.e.
objects and backgrounds). Rather than conferring a general benefit on memory for negative
scenes in their entirety, cortisol appears to preserve only memory for central emotional
objects while allowing memory for the neutral details in the periphery to dissipate over time.
This result may suggest that memory for the individual components of the scene become
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“unbound” during consolidation and cortisol impacts the unbound elements differently,
allowing the brain to selectively preserve only what is calculated to be most salient and thus
important to remember — an outcome with clear adaptive relevance.31:36

While a number of studies have demonstrated that stress at encoding benefits long-term
emotional memory in humans,”12 fewer studies have explored the effects of stress
administered post-encoding, during the early consolidation phase of emotional memory
processing, and, to our knowledge, this is the first to examine the impact of stress on
differential components of emotional and neutral memory within stimuli. In one important
study, Cahill and colleagues (2003) utilized a cold-pressor task to elicit stress during early
consolidation of emotionally arousing and neutral pictures.13 After a week-delay, they found
that those that underwent the stressor had increased performance in long-term emotional
memory, while memory for neutral information was similar between groups. Smeets, Otgaar,
Candel, and Wolf (2008) applied a cold-pressor stressor during encoding, early
consolidation, and retrieval of neutral and emotional word lists.5” Similar to the Cahill et al.
study, when the stressor was applied during the early consolidation window there was a
benefit in memory for emotional words, but not neutral words. Critically, however, these
studies tested memory for word lists or full scenes and were not designed to distinguish the
memory consolidation effects between emotional and neutral information within the same
scenes. Thus, while our results build upon these previous findings, they are novel in that they
demonstrate that cortisol concentration during early consolidation impacts memory for
emotional experience by selectively enhancing memory only for the central emotional
aspects of scenes, while reducing memory for the neutral background details. Additionally,
we found that cortisol levels have no effect on neutral scene memory - for either the neutral
objects or their associated backgrounds. Thus, cortisol appears to selectively benefit the
consolidation of emotionally arousing and negative aspects of experience, and reduces
neutral elements of memories with competing emotional content.

Importantly, prior research has shown that in order for elevated cortisol to effectively
enhance subsequent memory for emotionally salient information, the observer must perceive
and experience the information as emotionally arousing.2123 The negative stimuli used in
our study have been verified both to elicit higher arousal ratings,2° and to induce greater
visceral responses, as measured by heart rate deceleration and skin conductance response,
than the neutral images.33 Emotional arousal such as this typically results in the release of
norepinephrine (NE) and increases in amygdalar activity. This release of NE at encoding
alone has been shown to enhance emotional memory formation through the modulation of
key neural networks (i.e. hippocampus, amygdala, frontal cortex; see 11 for review). When
the occurrence of a stressor is in close temporal proximity with emotional arousal, either as a
single emotionally stressful experience or concurrently as in our design (emotional encoding
task followed by TSST), one possibility is that norepinephrine and cortisol work together to
further enhance amygdalar, hippocampal, and prefrontal cortex connectivity, leading to an
additional boost of emotional memory during the consolidation interval.58 Another
possibility is that during stress, amygdala activation (involved in encoding emotional items
along with the perirhinal cortex) is bolstered, while the hippocampus (involved in encoding
contextual information) is inhibited, thus leading to a preservation of emotional items while
the contextual information (i.e., neutral backgrounds) deteriorate.59-72 Critically, the
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subjective anxiogenic and mood effects of experiencing a stressor alone during the
consolidation period was not sufficient to generate changes in emotional memory traces
beyond typical emotional content enhancements. Rather, HPA axis activity overall,
regardless of group, was necessary to further influence memory during the consolidation
window, when memories are particularly labile and open to external influence. This HPA
activation and subsequent cortisol concentration during early consolidation leads to
increased cortisol in the memory networks of the brain, increasing amygdalar and
hippocampal connectivity®8 and boosting emotional memory.”3 Here, we demonstrate that
cortisol elevation during the early consolidation period preserves the emotional components
of scenes while reducing memory for neutral, peripheral details, provoking an increase in the
magnitude of the emotional memory trade-off effect.

Critically, the impact of stress during the consolidation of neutral and emotional information
is not consistent throughout the literature.® Factors such as the cortisol induction method
(psychosocial stressorl4, physiological stressor!®-19), the amount of cortisol or cortisol
change achieved,17:19.74 the sex of the participant (see Supplementary Materials for
exploratory analysis of sex within this dataset),1418 the initial value of cortisol,17:66 the type
of memory examined (e.g. recollection vs familiarity8.19) or when interacting with other
neurotransmitters or physiological systems, such as norepinephrine,15-17 hormonal
contraceptives,1® or phases in the menstrual cyclel® have all been shown to influence the
impact of stress on different valences of memory. In fact in certain circumstances, stress has
been shown to benefit long-term memory for neutral information>18 or lead to an inverted-
U effect on memory.1® Notably, across many of these studies the type of memory tested
differed and there were other important methodological differences (timing of stressor,
number of tests, etc.), and the present study is the first to employ the emotional trade-off task
using the post-learning stress protocol. As such, continued research will be paramount in
sorting out these conflicting reports.

Our study was focused on measuring stress reactivity via elevations in cortisol
concentration. One limitation of this study is that a physiological stress response is
associated with a whole host of psychological, hormonal, neurochemical, and brain
activation changes®16:18 49 not investigated within our narrow focus. Together with the fact
that the cortisol response builds slowly (even in the case of non-genomic effects), taking at
least several minutes before having an effect on the brain,”>-77 this finding suggests that it is
not only possible, but likely that cortisol is not acting alone on the brain to generate this
memory effect. Rather it is likely working collaboratively with other neurohormones
released during emotion and stress responses (such as norepinephrine) to “tag” certain
information as being particularly critical for additional processing.”879 Further research will
be critical in determining the individual impact of cortisol and other features of the stress
response in affecting memory processing. Additionally, in light of the results reported here
offering support for the theory that memory elements become “unbound” during processing
and consolidation and that this effect may be enhanced by cortisol, it will be important to
further explore the effects of stress and cortisol in both different types of memory
assessments and more ecologically-relevant scenarios. For instance, future research could
incorporate associative recognition tests into similar designs and explore if information is
able to be more flexibly applied to new situations after being unbound. A final important
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consideration is that to ensure the memories would still be labile at the time of the stressor,
we kept the stress task as temporally close to encoding as possible. Because the passive
drool technique takes time, as mentioned above, we were unable to collect saliva samples
both during the encoding task and immediately after encoding, prior to the start of the
stressor. Although studies such as Abercrombie, Speck, & Monticelli, 2006 suggest that the
viewing of emotional scenes alone does not generate a significant increase in cortisol,2! we
cannot rule it out in the current study. This may in part explain some of the overlap between
conditions. There is potential for individual differences and this is an open area for further
investigation, particularly when attempting to distinguish the impact of stress and cortisol on
different phases of memory.

To our knowledge, this study is the first to demonstrate that the manipulation of endogenous
cortisol following the encoding of negatively arousing stimuli selectively preserves the
consolidation of individual emotional aspects of memory while allowing peripheral, neutral
details to be forgotten. Thus, the interaction of adrenal activity from stress, likely in concert
with emotional arousal from viewing the pictures33 influences the magnitude of the
emotional memory trade-off effect. Based on recent neuroimaging work,2%:80 this likely
occurs by increasing connectivity between emotional memory centers of the brain, such as
the hippocampus and amygdala. This finding helps shed light on the influence that stress and
cortisol can have on our memories -- in this case by selectively benefitting only the
emotional components of experience. In particular, our results show that an experience
stressful enough to elicit HPA axis activation during the early consolidation window may
prime our memory systems to preferentially remember negatively arousing information,
which we argue is adaptive,3® at least up to a point where excessive negative remembering
becomes pathological in clinical conditions such as depression and anxiety.30:3181 Thjs
finding elicits several fruitful questions for future research, such as how hyperactive adrenal
networks in clinical conditions (e.g. depression) may further potentiate negative memory, or
how learning to cope with stress to reduce physiological responses may influence long-term
memory consolidation for our emotional experiences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. We explore how elevated cortisol affects the consolidation of memories.

. Using the emotional trade-off task, we explore effects on negative and neutral
stimuli

. Increased cortisol correlates with greater emotional memory trade-off

. This was due to impaired memory for neutral backgrounds paired with
negative objects

. These effects were found for both specific and gist calculations of memory
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ENCODING
Negative Scene Neutral Scene

RECOGNITION
Objects Backgrounds

Similar

New ‘ New

Figure 1.
Task. Demonstration of how the scenes were created for the emotional trade-off task. At

encoding, full scenes were presented with a negative or neutral central object placed on a
neutral background. At recognition, scene components were presented separately and one at
a time and participants were asked to distinguish if the object or background was the same,
similar, or completely new compared to what they saw during encoding.
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Schematic of study timeline.
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Cortisol Reactivity over Time
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Figure 3.

Cortisol Response (ng/mol). Comparing raw salivary cortisol reactivity to stress and control
conditions from baseline to 60 min after task. tO = baseline sample, t1 = immediately post-
stressor, t2 = 15 min, t3 = 30 min, t4 = 45 min, t5 = 60 min post-stressor. Orange Triangles =
Stress Participants; Blue Circles = Control Participants; Black Dotted Line = Stress Group
Cortisol Trajectory; Gray Dashed Line = Control Group Trajectory; Black Solid Bars =
Stress Group Mean; Gray Solid Bars = Control Group Mean; Error bars = SEM
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Correlation of STAI Change Score and
Cortisol Reactivity by Condition
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Figure 4.

Stress Correlation. Within the stress group, there is a significant correlation between change
in reported anxiety and change in cortisol concentrations, as measured through cortisol
reactivity. This association was not present for participants in the control condition.
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Correlation of Specific Negative Tradeoff
Magnitude and Maximum Endogenous Cortisol
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Figure 5.

r=-.24
p=.039

-2 -1 0 1 2 3
Endogenous Cortisol (Z-score)

@ Controls A Stress

Correlation of specific memory scores and maximum endogenous cortisol levels (as
measured by the highest cortisol concentration taken from any time point after the stress or
control manipulation) across all participants. Maximum endogenous cortisol during early
consolidation has (a) a positive correlation with negative trade-off magnitude and (b) a
negative correlation with neutral backgrounds paired with negative objects. This suggests
that the primary effect of cortisol during the early consolidation period is a suppressive
effect on neutral information paired with negative content.
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Subjective State Measure Comparisons

Table 1.

Subjective Measures

Stress Group

Control Group

Baseline Post-task | Difference Baseline Post-task | Difference
M (SEM) | M (SEM) | M (SEM) | M (SEM) | M (SEM) | M (SEM)
STAI-State | 43.5(1.4) | 50.7(1.4) | 7.2 (1_4)* 39.1(1.8) | 37.3(1.8) | —1.4(14)
PANAS-NA | 15.4(0.8) | 18.0(0.9) | 26 (0_9)* 13.6 (1.0) | 12.6 (1.0) | -1.0(0.7)

Subjective Measures: Mean scores and standard errors of subjective responses to STAI-State and the negative affect scale of the PANAS pre- and

post-stress or control task.

*
=p<.05
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